Males are known to adjust their expenditure on testes growth and sperm production in response to sperm competition risk. Genital morphology can also contribute to competitive fertilization success but whether male genital morphology can respond plastically to the sperm competition environment has received little attention. Here, we exposed male house mice to two different sperm competition environments during their sexual development and quantified phenotypic plasticity in baculum morphology. The sperm competition environment generated plasticity in body growth. Males maturing under sperm competition risk were larger and heavier than males maturing under no sperm competition risk. We used a landmark-based geometric morphometric approach to measure baculum size and shape. Independent of variation in body size, males maintained under risk of sperm competition had a relatively thicker and more distally extended baculum bulb compared with males maintained under no sperm competition risk. Plasticity in baculum shape paralleled evolutionary responses to selection from sperm competition reported in previous studies of house mice. Our findings provide experimental evidence of socially mediated phenotypic plasticity in male genitalia.
Introduction
Phenotypic plasticity is defined as the capacity for a single genotype to produce multiple phenotypes in response to variation in the environment [1] . Phenotypic plasticity allows individuals to adapt to new conditions, or anticipate future conditions, by accessing environmental or social cues that predict environmental change [2] . Many different types of traits can exhibit plasticity, which may lead to transient or permanent changes in morphological, physiological, and/or behavioural phenotypes [1] . Phenotypic plasticity is a developmental process occurring within the lifetime of an individual. Nevertheless, it can be a major avenue of evolutionary divergence among populations [3] . Adaptive phenotypic plasticity has been reported in a number of important lifehistory traits including predator defences, immune responses, and sexual traits important in reproductive competition [4] [5] [6] [7] .
Phenotypic plasticity in male allocation to reproductive competition has been described in a range of taxa [7] . Theoretical models predict that males should strategically allocate resources to increase ejaculate expenditure when faced with an increased risk of sperm competition [8] . Consistent with this prediction, empirical studies have reported phenotypic plasticity in ejaculate expenditure by males, cued by their social environment [9] . For example, males make adaptive changes in ejaculatory frequency [10, 11] , the size of the ejaculate [12] , the number of sperm within the ejaculate [13] [14] [15] , and the composition of seminal fluid [16, 17] depending on their perceived risk of sperm competition. In house mice, exposure of males to potential rivals induces increased levels of sperm production [18, 19] , an increase in the production of key seminal fluid proteins [20] , and changes in mating behaviour, including a decrease in the number of thrusts, intromissions, and duration of copulation, and an increase in the probability of repeated ejaculation [21] . These studies of house mice illustrate how the sperm competition environment can induce phenotypic plasticity in a variety of male reproductive traits and that phenotypic plasticity need not be limited to sperm production.
There is now considerable evidence that male genital morphology is subject to sexual selection, and variation in genital shape can impact mating, insemination, fertilization, and overall male reproductive success [22 -24] . Preliminary evidence from ducks suggests that males may have the capacity to adjust the morphology of their penis in response to reproductive competition [25] . The ossified penis or baculum is a feature of several mammalian orders [26, 27] . In house mice, the shape of the baculum affects competitive male reproductive success [28] and covaries with the strength of selection from sperm competition among natural and experimentally evolving populations [29] . The house mouse baculum is comprised of two structures, a proximal ossified and a distal cartilaginous structure [30, 31] . The growth of these structures occurs primarily during the first 60 days post-birth [30] and is known to depend on androgens and endogenous oestrogen expression during pre-and post-natal development [30, 32, 33] .
In this study, we assessed whether house mouse baculum morphology exhibits phenotypic plasticity in response to sperm competition risk during pre-adult development. Given the wide-ranging effects of sperm competition risk on male reproductive physiology and behaviour [18] [19] [20] [21] 34] , and the importance of baculum shape for male reproductive success [28] , we might expect baculum morphology to show similar plasticity in response to cues in the social environment [25] . We thus raised males in two different social environments, either with or without cues to sperm competition risk and quantified variation in the shape of the baculum as well as a naturally selected bone, the hind femur. We expected males to show phenotypic plasticity in baculum morphology in response to the sperm competition environment, but not in the morphology of the hind femur.
Material and methods (a) Experimental animals
Wild house mice (Mus musculus domesticus) were sourced from an isolated population on Rat Island (28842 0 S, 113847 0 E) off the coast of Western Australia (n ¼ 100) and maintained in the laboratory at the University of Western Australia. The animals were held in constant temperature rooms (CTRs; 248C) on a reverse 10 D : 14 L cycle and provided with water and food ad libitum. Mice were outbred under common-garden conditions for two generations. Male and female pairs were housed together for a maximum of 14 days. When noted to be pregnant, females were housed alone. At weaning age (21 days) female and male offspring were separated; female offspring were housed in groups and male offspring were housed individually. A total of 48 males and eight females were used in this study.
(b) Social manipulation
We raised males in one of two social environments throughout their sexual development by manipulating their exposure to rival males and their odours. Two sibling males from 24 families were weighed and then randomly assigned to either a 'Risk' or 'No Risk' environment. Details of the experimental manipulation are described elsewhere [19] . Briefly, males in both environments were housed individually in cages (16 Â 33 Â 12 cm). The individual cages in the 'No Risk' environment were placed alone in a large plastic tub (49 Â 74 Â 41 cm), while those in the 'Risk' environment were co-housed in a large plastic tub with those of two unrelated males. Males were housed under these conditions from weaning (21 days of age) until sexual maturity (90 days of age). The tubs were spread across two large (9 Â 4 m) CTR, such that each room contained four 'Risk' tubs (total N males ¼ 12) and 12 'No Risk' tubs (total N males ¼ 12). Tubs were spaced 60 cm apart. Sexually mature females (N ¼ 4) were housed in their own cages within each CTR. Thus, females were placed in the centre of the room in large cages (28 Â 46 Â 13 cm) approximately equidistant to tubs containing males.
Each week, males in the 'Risk' treatment were exposed to soiled chaff (15 g) of the two rival males within their tub. For this, chaff was taken from the cage of each male and placed at the front of their rival male's cages. In the 'No Risk' treatment, males were 'exposed' to their own soiled chaff, i.e. it was moved from the back to the front of their cage. Once a fortnight 'encounters' were conducted whereby males were released into the tub and allowed to roam freely for 30 min. In the 'Risk' treatment, males were released one at a time and allowed to interact with their neighbouring males through the bars of their cages. 'No Risk' treatment males were released inside their tub but did not experience any interaction with other individuals. The same general procedures were performed using females; thus, once a fortnight, males of both treatments were exposed to female soiled chaff (15 g ) and interacted with a female through the bars of their cages.
(c) Baculum and femur morphometric analyses
At 90 days of age, sexually mature males were sacrificed, and the baculum and right femur were dissected for analysis. At the time of dissection, the majority of the tissue surrounding the baculum and the femur was removed. However, to ensure complete tissue removal, both structures were stored overnight in 1 ml of 5% KOH. Following this, the specimens were stored in 1 ml of Dietrich's Fixative solution.
Digital images of the baculum (ventral view) and femur (external lateral view) were taken using a binocular microscope at Â20 and Â10 magnification, respectively. Geometric morphometric analysis of bone shape was conducted using the software developed by Rohlf (2006), blind to the treatment group from which images were obtained. Landmarks were placed around the periphery of the baculum (36 sliding, 4 fixed) and the femur (71 sliding, 8 fixed) using the software tpsDig2 v. 2.29 (for details, see electronic supplementary material, figure S1 ). The software Tpsrelw v. 1.65 was then used to extract relative warps (RWs) and centroid size. RWs represent the variation in shape relative to the consensus configuration across all samples [35] . In this study, we focused on those RWs that individually explained greater than 10% of the variance for both the baculum and femur. Centroid size (square root of the summed distances of each landmark to the centroid in x and y distances) provided a multivariate measure of the size of each bone [36] . The repeatability of landmark placement was assessed by calculating the Euclidean distances between fixed landmarks for 12 individuals (six from each of the risk and non-risk treatment) on two separate occasions. We also assessed the repeatability of centroid size and shape scores derived from our geometric morphometric analyses of these landmarks (for details, see electronic supplementary material, figure S2 ).
(d) Statistical analysis
Examination of the residuals identified outliers from the femur RWs analysis (for details, see electronic supplementary material, rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181086 table S1). Shapiro -Wilks tests confirmed that data residuals were normally distributed, and parametric tests were applied in all cases. We used linear mixed models fitted by maximumlikelihood estimation using the lmer procedure in the lme4 R package [37] . Significance values were extrapolated from Type II Wald x 2 tests using the ANOVA function in the car package of R [38] . All morphological traits, except the RW scores, were log transformed prior to analysis. Male family identity and replicate tub identity were included in the model as random factors; log body length was entered as a covariate. Non-significant interaction terms were removed from statistical models.
We conducted bivariate line-fitting methods for estimating the relationships between baculum and femur centroid size and body length. We used SMATR version 2.0 freeware which allowed us to fit bivariate lines to the data and make inferences about such relationships [39] . Following previous studies [40 -42] , we opted to conduct standard major axis (SMA) regressions.
Results
Descriptive statistics for body size, genital and non-genital traits can be found in the online electronic supplementary material, Baculum centroid size increased with body length (figure 1a), but there was no significant interaction between body length and social environment ( (table 2) . Geometric morphometric analysis of the baculum returned three relative warps (BRW) that each explained more than 10% of the variation in baculum shape (BRW1: 54.19%, BRW2: 15.92%, BRW3: 12.23%). BRW1 described variation in the relative thickness and extension of the baculum bulb along the shaft, and the thickness of the shaft itself (figure 2). BRW2 described similar variation in the relative thickness of the baculum bulb (figure 2), while BRW3 described variation in the rate of transition between bulb and shaft along the length of the baculum (figure 2). Our analyses revealed a significant effect of social environment on BRW1 (table 1; figure 3a) but no effect on BRW2 and BRW3. Males from the 'Risk' environment had a relatively thicker and more distally extended baculum bulb, and a relatively thicker baculum shaft compared to males from the 'No Risk' environment (figure 3b). The interaction terms between social environment and body length were not significant (BRW1: removed from all analyses. Male body length had no effect on BRW1 or BRW2 but did explain some of the variation in BRW3 (table 1) . Geometric morphometric analysis of the hind femur returned three relative warps (FRW) that each explained more than 10% of the variation in femur shape (FRW1: 24.50%, FRW2: 17.34%, FRW3: 11.09%). FRW1 explained variation in the shape of the femur head, variation in the shape of the lesser trochanter, the position of the third trochanter, and thickness of the femur shaft (electronic supplementary material, figure S3 ). FRW2 explained variation in the position of the third trochanter, and the thickness of the femur shaft (electronic supplementary material, figure S3 ). FRW3 explained variation in the relative length and thickness of the femur (electronic supplementary material, figure S3 ). Femur shape was not influenced by social environment or male body length ( 
Discussion
Our study has revealed that male house mice exposed to rivals during sexual development grew a relatively thicker baculum with a distally extended bulb, compared with males that did not experience rivals during their development. While phenotypic plasticity in male genitalia has been reported previously in response to temperature and diet in Drosophila [43] , and population density and waveexposure in barnacles [44, 45] , there has been little evidence of socially mediated plasticity in genital morphology. A recent study of waterfowl reported how the penis of Lesser Scaup (Aythya affinis) grew longer in males housed together compared with those housed with a single female [25] . The authors considered this evidence preliminary because groups were not replicated and other environmental differences between groups could have explained their results. We provide replicated experimental evidence of phenotypic plasticity in male genital morphology. Socially induced plasticity was not apparent in a naturally selected bone, the hind femur, providing further support that the mammalian baculum is subject to sexual selection. Remarkably, the variation in baculum shape that we observed between our sperm competition risk treatments reflects the genetic variation in baculum shape reported previously among populations of house mice [29] . Among natural populations, males under high risk of sperm competition have evolved thicker bacula than males from populations with a relatively lower risk of sperm competition [29] . Further, males from experimental populations subjected to multiple generations of post-copulatory sexual selection were found to evolve thicker bacula compared to males from populations evolving under enforced monogamy [29] . Consistent with these previous studies, we found no effect of sperm competition risk on baculum size [29, 40] . Collectively, these studies support the hypothesis that it is the shape of male genitalia that is under sexual selection, and not genital size [23] . Considering that baculum thickness predicts male reproductive success under competitive conditions [28] , our data provide strong evidence that the mammalian baculum is a trait subject to selection via sperm competition, and shows that males can prepare for future sperm competition via adjustments in their genital morphology. Variation in bone morphogenesis offers a potential mechanism for phenotypic plasticity in baculum shape. Sex steroids play a fundamental role in osteogenesis [46] [47] [48] [49] , being actively responsible for longitudinal and radial bone growth during sexual maturation [46, 50] . Artificial manipulation of the expression or activation of androgen, oestrogen, oestrogen receptor alpha (ERa), and oestrogen aromatase enzyme, all lead to abnormal osteogenesis [30, 32, 33, 47, 49] . The proximal segment of the mouse baculum is an ossified structure, and previous studies have shown that anti-androgen treatments arrest baculum development [30] . Studies conducted on rats and house mice have shown that during sexual maturation, androgen involvement in baculum growth is partly dependent on the aromatization of oestrogen [32, 33] . ERa and oestrogen aromatase activation/expression has also been shown to be responsible for radial bone growth [48, 49] . Taken together, these findings suggest the differential expression of ERa and/ or differential local oestrogen aromatase enzyme expression as candidate mechanisms for the observed phenotypic plasticity in baculum thickness [48, 49] .
Our results also revealed socially mediated differences in adult size at sexual maturity. Androgen expression during sexual development is known to have a direct impact on spermatogenesis [51] and indirect impact on body growth via growth hormone secretion [50, 52] . A previous study of this same population of mice found that sperm competition risk induced higher sperm production [19] and differential body growth may be associated with higher expression of testosterone during the pre-adult developmental stages. Overall, the perception of rival males may influence the regulation and expression of sex steroids that affect a range of sexual traits preparing males for sperm competition.
Increased male body size in response to sexual competition may be important in establishing dominance over rivals, increasing a male's ability to gain access to receptive females, or be the first male to copulate. In house mice, dominance and fighting ability are both positively correlated with body mass [53, 54] , and mating position is a strong predictor of paternity success, with the first male to mate siring the majority of offspring [55] . Larger male house mice deliver greater copulatory stimulation [21] , and those with an evolutionary history of sperm competition have longer copulations and paternity success compared to males evolving under enforced monogamy [56] , so it is conceivable that phenotypic plasticity in body size might be driven by precopulatory male-male competition over access to females. Indeed, socially mediated plasticity in traits that contribute to pre-mating male contest competition has been demonstrated in studies of invertebrates and vertebrates [57] [58] [59] [60] . When exposed to same-sex rivals, Kalahari meerkat individuals have been shown to adjust their growth according to that of their rivals, so-called competitive growth that prepares them for future sexual competition [60] . Phenotypic plasticity in pre-and post-copulatory competitive traits is expected when male investment in these traits is costly. For house mice, one cost of competitive traits may relate to sex steroid expression. In general, testosterone is known to suppress vertebrate immune function [61] , which has the potential to impact lifespan, a well-documented cost of male investment in pre-and post-copulatory traits [62] [63] [64] .
The mechanism(s) by which post-copulatory sexual selection acts on baculum shape remains unknown. Of those proposed [65 -67] , vaginal stimulation represents a plausible candidate. The baculum is an integral part of the glans penis [31] and is likely to impart mechanical stimulation during copulation. House mouse sexual behaviour is characterized by multiple intromissions per mount and multiple mounts before the male reaches ejaculation [68] . The baculum within the glans penis will impart rigidity to facilitate penetration as well as promote friction between the penis and the female reproductive tract [65] . Differences in baculum thickness may lead to variation in the degree of stimulation that a female receives during copulation. In particular, a more distal thickening of the basal bulb might promote greater levels of stimulation throughout a longer section of the vaginal tract, increasing neuroendocrine responses that affect sperm migration, embryo implantation rate, and embryo viability [69 -71] . Greater stimulation delivered by a thicker baculum may also influence female sexual behaviour by dampening their propensity to re-mate with a rival male [72] . Genital stimulation is important in directing sexual behaviour, activating the brain reward system and reinforcing and facilitating sexual behaviour [73] . Indeed, manipulation of neurochemical states of sexual reward has been shown to affect female preference [73] .
In conclusion, we provide evidence of socially mediated phenotypic plasticity in male genital morphology. Our study adds to growing evidence that supports a role of sexual selection in the evolution of the mammalian baculum and re-enforces its role in male reproductive fitness [27 -29] . Consistent with earlier studies of house mice, variation in baculum shape, but not size, was found to respond to socially mediated cues of sperm competition risk. Further investigation of the mechanism(s) underlying plasticity in baculum development, as well as those responsible for selection acting on the baculum, are required. In particular, we suggest that research on the role of sex steroids and their receptor distribution in the baculum will offer insight into the mechanisms that mediate plasticity in baculum shape.
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